Almost all photosystem I (PSI) complexes from oxygenic photosynthetic organisms contain chlorophylls that absorb at longer wavelength than that of the primary electron donor P700. We demonstrate here that the low-energy pool of chlorophylls in the PSI-LHCI complex from the green alga Chlamydomonas reinhardtii, containing five to six pigments, is significantly blue-shifted (A max at 700 nm at 4 K) compared to that in the PSI core preparations from several species of cyanobacteria and in PSI-LHCI particles from higher plants. This makes them almost isoenergetic with the primary donor. However, they keep the other characteristic features of "red" chlorophylls: clear spectral separation from the bulk chlorophylls, big Stokes shift revealing pronounced electron-phonon coupling, and large homogeneous and inhomogeneous broadening of ∼170 and ∼310 cm -1 , respectively.
Introduction
Photosystem I (PSI) preparations from various species show significant absorption at wavelengths longer than that for the main Q y band of bulk chlorophylls (Chls) and the primary electron donor, P700. The processes of energy equilibration between these low-energy Chls and bulk Chls were extensively studied (see reviews 1, 2 ), but the nature, location, and function of these red Chls are still not fully understood. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The red forms of Chls were characterized in detail for PSI core complexes from several species of cyanobacteria. At 6 K, two spectral pools of these Chls were identified with steadystate absorption/fluorescence line narrowing techniques: one with absorption maximum at 703 nm (C703, Synechococcus PCC 7942) or 708 nm (C708; Synechocystis PCC 6803, Thermosynechococcus elongatus (T. elongatus), Spirulina platensis (S. platensis)) and the other one with absorption maximum at 719 nm (T. elongatus) or at 740 nm (S. platensis). 1, 13, 14 Upon raising the temperature from 6 K to room temperature, the absorption maxima of these pools shift to shorter wavelengths. Emission at 6 K from red Chls is characterized by a large Stokes shift of ∼12 nm for the former pool and of 11-20 nm for the latter pool. The total number of the red Chls per reaction center (RC) was estimated to be 2-10, depending on the species and the state of the PSI core particles (monomeric vs trimeric). Additional red Chls pools at 714-715 nm were reported for PSI cores from Synechocystis PCC 6803 and T. elongatus on the basis of hole burning spectroscopy. 9, 15, 16 Several pools of red Chls were observed in PSI-LHCI complexes from green plants. 4, 17 The lowest energy Chls are located in the peripheral antenna, LHCI. [17] [18] [19] [20] At 6 K, the maximum of the absorption band of all long-wavelength pigments in PSI-LHCI was estimated to be at 716 nm, whereas the corresponding fluorescence maximum is at 733 nm. 4 In the case of isolated LHCI the absorption band of the corresponding red Chls was estimated to be around 711 nm. 19 The Stokes shift of "normal" Chls (bulk Chls in photosystems) is only about 1-4 nm 21, 22 (also our own unpublished results), much smaller than those observed for the red Chls. This difference was explained by strong pigment-pigment interactions and a mixing of the excited state with a charge transfer state in the case of red Chls. 4, 17, 23 These effects lead to a significant shift of the potential energy surface of the excited state (high values of Huang-Rhys factors), which results in a coupling of optical transitions to a distribution of phonons of higher energies. Another result of this coupling is a significant homogeneous broadening of the absorption and emission bands of red Chls. The charge-transfer character of the excited states of red Chls 23 also explain the strong modulation of the electronic transition energies by small changes in the protein environment, observed as a large inhomogeneous broadening of the absorption spectra of red Chls. 24 Unlike PSI preparations from cyanobacteria and higher plants, spectroscopic properties of the PSI from the green alga Chlamydomonas reinhardtii (C. reinhardtii), the third model PSI system, have rarely been studied and, in particular, detailed spectral properties of red Chl pools have not been reported. This may be because there are no clear separate bands of red Chls visible in the steady-state absorption spectra. Bassi et al. 25 and Kargul et al. 26 reported 77-K emission from the peripheral PSI antenna, LHCI, and the PSI-LHCI supercomplex with maxima at 705 and 715 nm, respectively. In a recent paper, the respective maxima were observed at 708 and 712 nm. 27 Temperaturedependent kinetics of fluorescence decay in whole cells (containing PSI-LHCI) and isolated PSI cores from C. reinhardtii were analyzed with a model suggesting the presence of one to two red Chls absorbing at ∼703 nm and located close to the RC. 28, 29 These results suggest that the red Chls of the PSI core complex of C. reinhardtii resemble those of Synechococcus PCC 7942 (which absorb and emit at about 703 and 713 nm, respectively 14 ) and that the red Chls of the peripheral antenna absorb and emit considerably more to the blue than the redmost LHCI Chls of green plants. 20 Another motivation to this work came from our earlier observation of excitonic coupling between Chls involved in primary electron transfer in PSI from C. reinhardtii. This coupling was proposed to be observable due to the lack of red antenna Chls in the PSI core spectrally overlapping with electron-transfer Chls in this species. [30] [31] [32] In this contribution we applied site-selective (polarized) fluorescence spectroscopy 4 to characterize spectral properties of low-energy Chls in high-quality PSI-LHCI preparations from C. reinhardtii. Following a relatively simple modeling, this technique offers an access to parameters of the red Chl pool, such as absorption maximum, Stokes' shift, and ratio of homogeneous and inhomogeneous broadening, and allows conclusions on the electron-phonon coupling of the red Chls in this system.
Materials and Methods
Sample. PSI-LHCI complexes were obtained from C. reinhardtii strain CC-2137 by -DM solubilization and sucrose gradient centrifugation as described in Germano et al. 33 with an additional FPLC run through a Superdex 200 column after the ultracentrifugation. This preparation was characterized before by electron microscopy 33 and consists of two slightly different types of particles which however contain the same number of LHCI subunits. 34 These types of complexes bind most likely 9 LHCI subunits per PSI core complex 35 and contain about 230 Chls (M. Hippler, personal communication; ref 26) . The OD of the sample at the maximum of Q y absorption band (at ∼679 nm) was ∼0.7 cm -1 for the absorption measurements, ∼0.11 cm -1 for the self-absorption-free fluorescence experiments, and ∼5.5 cm -1 for polarized experiments, the high OD being applied in order to improve the signal-to-noise ratio of the collected spectra and calculate anisotropy precisely. The samples were diluted to the proper concentrations in a buffer containing 0.06% -DM, 20 mM Bis-Tris (pH 6.0), 10 mM NaCl, 5 mM CaCl 2 , and 60% glycerol (v/v).
Methods. All measurements were done on sample in a 1-cm thick cuvette placed in liquid helium cryostat (Utreks, Ukraine). Absorption spectra were measured on the home-built spectrophotometer. 36 Fluorescence emission spectra were measured with a cooled CCD camera (Chromex ChromCam) equipped with a 1 / 2 -m spectrograph (Chromex 500IS), and corrected for the spectral and light-polarization sensitivity of the detection system. The source of nonselective excitation light at ∼420 nm was a 150-W tungsten halogen lamp equipped with an interference filter (fwhm ∼ 20 nm). Selective excitation at wavelengths ranging from 675 to 726 nm was realized by a continuous wave (cw) dye laser (Coherent CR599), pumped by an argon ion laser (Coherent Innova 310). The fluorescence was collected with 0.4-nm spectral resolution at the angle of 90°to the direction of the excitation beam. Polarization of the excitation light was vertical. The emission light was passing through a polarizer (set vertically or horizontally) before detection or was collected without polarizer. Optical anisotropy, r, was calculated from the following expression:
where I | (λ) and I ⊥ (λ) are the fluorescence intensities measured with the polarizer set vertically and horizontally, respectively.
Modeling. The modeling was described in detail by Gobets et al. 4 Shortly, it was assumed that the red absorption band of low-energy Chl is a superposition of Gaussian curves (of identical widths) representing absorption spectra of individual spectral forms homogenously broadened due to electronphonon interaction. Furthermore, the distribution of these spectral forms over the wavelength coordinate, or inhomogeneous broadening, was also assumed to be described by a Gaussian function. The ratio of the widths (fwhm) of these two Gaussians, Γ h and Γ i , respectively, can be extracted from the site-selective fluorescence experiment. Due to inhomogeneous contribution to the absorption band of red Chl, fluorescence emission spectra depend on which spectral forms of them are excited; i.e., they are excitation-wavelength-dependent, assuming that individual low-energy species are not connected by excitation energy transfer. Finally, it was assumed that the Stokes shift of all of the spectral forms contributing to the red Chl pool was identical. The calculations based on the above assumptions show that the relationship between the wavelength of the fluorescence emission maximum (λ em ) and the excitation wavelength (λ ex ) is linear:
where λ 0,em is a wavelength of maximum of the total fluorescence emission from whole distribution of red Chls. In practice, it is measured after nonselective excitation which is followed by excitation energy transfer to all spectral forms of red Chls. The slope s relates Γ h and Γ i :
where Γ tot. is the fwhm of the entire absorption band. λ 0 stands for the wavelength for which the total absorption band of red Chls has its maximum. As seen from the eq 2, the value of λ 0 can be found as a value of excitation wavelength applied in the red Chl region for which λ em ) λ 0,em . Thus, both s and λ 0 can be found from the experimentally measurable curve λ em (λ ex ). The Stokes shift, δ, of the total red Chl pool and all individual spectral forms from this pool is given by the expression:
Results
Absorption and Nonselective Fluorescence Emission Spectra. The absorption spectrum of the PSI-LHCI complex from C. reinhardtii at 7 K is shown in Figure 1 . It is dominated by the Q y band of bulk Chl a peaking at ∼679 nm. At longer wavelengths, there is a significant tail with two small bumps superimposed at ∼697 and ∼702 nm, which suggest contributions from slightly red-shifted pools of Chls. The fluorescence emission spectrum recorded after nonselective excitation at 420 nm at 4 K (Figure 1 ) peaks at 712.6 nm (OD 679nm ) 0.11 cm -1 ), 33 nm to the red compared to the Q y absorption band from bulk Chls. This huge shift indicates that the source of the emission at 4 K is the low-energy Chls and not bulk Chls. It was found that increasing the OD 679nm from 0.11 to 5.5 cm -1 results in a shift of the fluorescence emission peak to ∼715 nm due to selfabsorption and reemission from the lower energy Chls.
The temperature dependence of the emission spectra between 4 and 214 K is presented in Figure 2 . The spectrum at 4 K shows a minor bump at ∼703 nm (clearly seen on the second--derivative graph and not observed at higher temperatures), indicating a separate pool of low-energy Chls trapping the excitations. This wavelength is close to 705 nm where the 77
K fluorescence from C. reinhardtii LHCI was observed 25 and to 701-702 nm where plant Lhca2 emits at e77 K. 37,38 A very small band at ∼673 nm is temperature-independent. Therefore it is attributed to a very small fraction of Chls that are not able to transfer the excitation energy to the low-energy Chls emitting at ∼712.6 and ∼703 nm. We conclude that the bulk Chls are very well coupled to the red Chls. At higher temperatures the fluorescence intensity decreases. This indicates an increasing efficiency of excitation quenching by the reaction center. Between 4 and 80 K the fluorescence maximum position shifts from 712.6 to 715.8 nm, showing that the higher energy red Chls contributing to the blue slope of the fluorescence band transfer the excitation energy to the reaction center more efficiently than the red-most forms. The emission wavelength of 715.8 nm at 80 K agrees better with emission at 715 than at 712 nm reported by Kargul at al. 26 and Takahashi et al., 27 respectively, for the same type of preparation at 77 K. We have no satisfactory explanation for the small differences in the fluorescence maximum position in these reports, but it should be noted that both the isolation procedures and strains were different in all these studies. A further increase of the temperature leads to an almost complete disappearance of the fluorescence at ∼712.6 nm and the buildup of a fluorescence band at 685 nm. The increase of the fluorescence at 685 nm may come from Chls, which are well-coupled to the red Chls but are not effective in excitation energy transfer to the reaction center, at least below 214 K. Selective Fluorescence Spectra. Application of a spectrally narrow, tunable laser beam allows selective excitation of different spectral forms of Chl a contributing to the Q y absorption band (Figure 1) . Selective excitation at wavelengths shorter than ∼685 nm leads to emission spectra virtually identical with that one measured at 420-nm excitation, all peaking at ∼712.6 nm (for very diluted samples). A further increase of the excitation wavelength leads to emission spectra which are excitation-wavelength-dependent. First, the maximum of the fluorescence emission shifts toward the blue to ∼711.4 nm, and then systematically shifts toward the red (Figure 3) . The same behavior is maintained for very concentrated samples although, due to self-absorption and reemission, emission wavelengths are shifted up to 2.5 nm toward the red (Figure 3,  inset B) .
To check if the excitation wavelength dependence of the emission spectra is correlated with the capability of excitation energy transfer between directly excited Chls and their neighbors, we have measured polarized fluorescence emission spectra. For that, the polarization of the exciting light was set vertical, and two components of the emitted light were measured: polarized vertically and horizontally. Based on these data, an optical anisotropy was calculated, as described in Materials and Methods, for the whole set of excitation wavelengths and the whole range of detection wavelengths (Figure 4) . For that experiment, the OD 679nm,RT of the sample was increased to 5.5 cm -1 in order to improve the signal-to-noise ratio. From Figure  4B , it can be seen that the anisotropy is constant and close to zero at shorter excitation wavelengths and starts to rise at about 685-690 nm. This wavelength range fits perfectly the starting point for the excitation-wavelengths dependence of the emission spectra ( Figure 3) . The anisotropy reaches its maximal value at ∼700-705 nm and remains constant above this wavelength, which again correlates well with the point where the emission vs excitation-wavelength dependence starts to be linear. Due to the high concentration of the sample in this experiment, leading to self-absorption and reemission of light, fluorescence anisotropy starts to increase and reaches its maximal value at wavelengths somewhat longer than in low-concentrated samples. However, this shift is expected to be a few nanometers at most, regarding the 2.5-nm shift between emission peak positions of low-and high-concentrated samples (see above).
The correlations between the curves shown in Figures 3 and 4B allow an interpretation of the underlying processes. The excitation energy can be transferred between Chls when exciting below 685-690 nm and is either quenched by the RC or trapped by all spectral forms of red Chls contributing to the inhomogeneously broad pool emitting on average at ∼712.6 nm. Systematic tuning of the laser to wavelengths longer than 685 nm leads to increasingly selective excitation of relatively shortwavelength nontransferring red Chls, and therefore the fluorescence peak shifts to shorter wavelengths and a rise of anisotropy is observed. Further tuning of the laser toward the red results in selective excitation of more and more red-shifted Chls (emission peak shifts toward the red) accompanied by further limitation of EET between Chls. No more EET occurs when excitation is at >700-705 nm, meaning that the directly excited red pigments do not exchange excitation energy. From the observation of a significant decrease of the emission peak wavelengths for excitation wavelengths between 685 and 697 nm, due to emission by the relatively blue-shifted red Chls, we conclude that the red Chls pool is spectrally clearly separated from the bulk Chls.
The lack of EET between red Chls fulfills one of the assumptions underlying our modeling (see Materials and Methods). The experimentally observed dependence of emission vs excitation wavelength is linear at λ ex > 700 nm (Figure 3) in agreement with the prediction of the model. From this model, the absorption maximum of the red Chl pool was found to be at ∼700 nm (eq 2), and the slope of the linear part of the λ em (λ ex ) dependence is 0.77 ( 0.04, corresponding to the ratio of homogeneous and inhomogeneous broadening of Γ h /Γ i ) 0.55 ( 0.07 (Figure 3, eq 3) . The Stokes' shift of the red Chls is ∼13 nm (eq 4).
Using the value of 700 nm for the absorption maximum of the red Chls pool as the only constraint (see above), the red part of the 7-K absorption spectrum of PSI-LHCI from C. reinhardtii was fitted with a sum of seven Gaussian curves: three Gaussians were used for the red Chls, three for bulk Chls, and one for the Chl b/vibrational band of Chl a ( Figure 5 ). Our primary intention was to get a good fit in the red Chls region, and we do not attribute much significance to the number and parameters of the Gaussian curves in the remaining part of the spectrum. In addition to the dominating 700-nm band we had to introduce two more relatively narrow Gaussians in the red tail region in order to improve the fit significantly. The maxima of these two Chl pools were found to be at ∼697 and ∼701 nm, in line with the second-derivative analysis shown in Figure  1 , and their oscillator strengths correspond to ∼1 Chl each. The width of the 700-nm pool was found to be 350 cm -1 (17.0 nm; fwhm), and its oscillator strength corresponded to 5 Chls, assuming 175 Chls a per PSI-LHCI. 26 
Discussion
On the basis of the total width of the red Chls pool (centered at 700 nm and labeled C700 from now on) found from the Gaussian decomposition ( Figure 5 ) and the ratio of Γ h /Γ i in this pool found from the site-selective experiment (Figure 3, eq 3) , the homogeneous and inhomogeneous broadening of low-energy Chls was calculated to be 170 ( 20 and 310 ( 20 cm -1 , respectively. These values should be compared to those reported for red Chls from other species and obtained with the same method ( Table 1 ). The homogeneous broadening is almost the same as the one proposed for the C708 pool of the PSI core from Synechocystis PCC 6803 and the C716 pool of the PSI-LHCI complex from spinach 4 and only somewhat larger than that for the C711 pool of LHCI in the PSI-LHCI complex from A. thaliana. 17 At the same time, the Stokes shift of C700, ∼13 nm, is only slightly bigger than that for the C703/C708 pools in cyanobacterial PSI (10-12 nm) but smaller than those in plant PSI-LHCI (17-23 nm). These observations indicate that the distribution of phonons coupled to the 0-0 optical transition is similar for the C700 pool of C. reinhardtii and C703/C708 pools of cyanobacterial PSI, but different from the one in LHCI from green plants. This difference results most likely from the higher value of the Huang-Rhys factor in the case of red Chls in LHCI from green plants (2.9) 17 than in the case of C700/ C703/C708 pools of the PSI core complexes from cyanobacteria and PSI-LHCI from C. reinhardtii. On the basis of the Stokes shifts, one would expect the Huang-Rhys factor of ∼1.5 (the value of 2.1 has been modeled for C700; J.A.I., unpublished results) for the C700/C703/C708 pools assuming similar phonon frequency, of the order of 100 cm -1 , as in green plants (Stokes shift is proportional to the Huang-Rhys factor and the mean phonon frequency). The similar phonon frequencies in all these systems are suggested by similar homogeneous broadening. The similarity of electron-phonon coupling features in the C700/ C703/C708 pools indicates the same nature of low-energy species in PSI-LHCI from C. reinhardtii and PSI from Synechocystis and Synechococcus PCC 7942.
Our results indicate that the inhomogeneous broadening in PSI-LHCI from C. reinhardtii, 310 cm -1 is significantly bigger than in PSI from Synechocystis PCC 6803 (215 cm -1 , Table  1 ). This may be caused by the higher amount of Chls contributing to the red Chl pool in C. reinhardtii (5-6 vs 2-5), which implies a broader range of different protein environments tuning electronic transitions in Chls. An alternative explanation could be a somewhat stronger charge-transfer character of the excited state of C700 than of C708. Inhomogeneous broadening is even bigger in PSI-LHCI complex from green plants (360-390 cm -1 , Table 1 ), but this may be because several spectrally overlapping pools of red Chls coexist there. 4, 17 Indeed, at least four red Chl pools were reported: two for LHCI 20 and two for PSI core. 17 It should be emphasized that the spectral parameters obtained and discussed in this contribution cannot be directly compared to those obtained from hole-burning spectroscopy 9, 15, 16 since it was shown that these two techniques may look selectively at different pools of red Chls in the PSI-LHCI complex. 17 Interestingly, the hole-burning and selective fluorescence studies of red Chls reveal preferentially low-frequency phonons of ∼20 cm -1 and high-frequency phonons of ∼100 cm -1 , respectively. In fact, both of these two kinds of phonons are coupled to the optical transition of red Chls that was demonstrated in a very elegant way for red Chls of Synechocystis PCC 6803 1 and is taken into account in more advanced modeling. 9,15-17 A trace of the ∼20 cm -1 phonons coupled to the 0-0 transition was also observed by us for the red Chls pool of C. reinhardtii ( Figure 6 ).
In addition to the C700 pool in C. reinhardtii containing 5 Chls, two more spectrally narrow pools were found from the Gaussian decomposition at ∼697 and ∼701 nm with the approximate oscillator strength of 1.2 and 0.7 Chls, respectively. The position and the oscillator strength of the former band indicate that it could be attributed to the primary donor, P. A similar band at 697 nm with the oscillator strength of ∼2 resulting from Gaussian decomposition was attributed to the primary donor in PSI from Synechocystis PCC 6803, 4 Synechocystis PCC 7942, 14 and C. reinhardtii. 28 The same position of the primary donor absorption in cyanobacteria and C. reinhardtii is intriguing because the (P + -P) difference spectrum from the latter species peaks consistently a few nanometers to the blue relative to cyanobacteria. 30, [39] [40] [41] [42] [43] A sharp band at 696 nm also was observed in PSI-LHCI from Arabidospsis and attributed to pigments in the interfaces between LHCI subunits or between LHCI and PSI. 44 We may speculate that the second pool, at 701 nm, correspond to one to two red Chls located close to the RC as reported for C. reinhardtii. 28, 29 The sharp character of the 697-and 701-nm bands may indicate that the mechanism of their red shift is different from the C700 pool: for example that they originate from monomeric Chls which are tuned by the protein environment. 11 13 and Gobets and van Grondelle. 1 As seen from Figure 5 , the profiles of the 697-and 701-nm pools are superimposed on the 700-nm pool of red Chls. However, these two small pools are not expected to introduce any important modifications to the applied model. If the 697-nm pool is due to the primary donor, it is not expected to contribute at all to the low-temperature fluorescence spectra due to immediate quenching by charge separation. Since the 701-nm pool is relatively small and sharp, its contribution to the low-temperature emission, especially following excitation in the red slope of the broad C700 pool, should be negligible.
Our results do not definitely answer the question about the localization of the C700 pool. However, previous observations of a high degree of similarity between PSI core complexes from different organisms (an impressing similarity was shown recently for PSI from the cyanobacterium T. elongatus 8 and higher plants 45 ), together with our observation of spectral similarities between C700 and cyanobacterial C703 and C708 pools indicate that C700 is located in the PSI core. The number of ∼5 Chls in C700, which is slightly more than the number of Chls in C703 and C708, suggests further that it may be contributed by two to three Chl dimers (or a dimer plus trimer), one to two of them not having a counterpart in cyanobacterial PSI. This extra dimer-(s) may possibly be located in the interface between LHCI and the PSI core, but probably not within LHCI, from which a shorter wavelength fluorescence was reported 25, 27 than from PSI-LHCI. A distant location from the RC of a fraction of the lowenergy Chls is suggested by the presence of emission at 685 nm at 214 K (Figure 2 ) coming from Chls which are in contact with red pigments but are not quenched by RC. 
